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1. INTRODUCTION. 
'1.1 General Remarks 
In highway bridge construction there is an increasing trend toward 
the use of longer spans. This trend is the result of a number of different 
requirements relating to safety, economy, function, and aesthetics (2). 
As a consequence, it became apparent th~t conventional precast prestressed 
concrete girders would soon be limited by their maximum transportable 
weights.an~/or lengths. A solution to this problem was the development 
of precast prestressed segmental construction in which the benefits of 
both precasting and post-tensioning could be combined advantageously~. 
The segmental cantilevered bridge construction, in which the sections 
may be precast or cast-in-place, has as a main object the el'imination of 
falsework and temporary supports which are always a nuisance for navigation 
(for bridges over river) or for road traffic.' This method is basically a 
progressive construction of a cantilever in segments and tying them through 
the medium of prestressing to the segments already completed. Generally, 
the cantilevers are constructed from the pier simultan~ously on both 
sides, so that the unbalanced moment during construction is kept to the' 
minimum. Sometimes the shore cantilever may have to be supported on the 
abutment or may have to be shortened as compared to the river side canti-
lever. The latter case may require provision of extra dead weight with non-
structural concrete. Cantilever construction has also been.possible with 
the cantilever on one side only, with the shore side being a short canti-
lever which is anchored to the ground by means of tendons or effectively 
counterbalanced by a counter-weight block. At midspan, the cantilevers can 
be made continuous or connected by hinges. 
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Pres tres sed concrete members unde,rgo time-dependent deforma t ions 
as a result of creep and shrinkage of the concrete and relaxation of the 
prestressing reinforcement. The rates of creep a~d shrinkage of the con-
crete and relaxation of the prestressirig steel ar~ greatest during the 
early ages and decrease continuously with time (under constant envi'ronmental 
conditions). The rate of long-time deformations of concrete members also 
diminishes with time, but measurable deformatiuns occur for many years. 
Specifications abo~t prestress losses are based l~rgely on consideration 
of research results. Precise determi~ation of prestress losses in a 
given situation is very complex and requires detailed information on the 
materials to be used, methods of curing, 'environmental conditions, and 
other detailed const'ruction information that usually is not available to 
designers. For large and/or special structures, such as segmental canti-
l ever bri dges, it may be necessary to obta in th is i nformat i on i' n order to 
maintain control of the geometry of the bridge during construction so 
that different cantilevers can meet at correct grade and alignment. This 
high performance ski11 is the privilege of only a few firms, who can en-
sure systematic construction procedures, accurate pre-planning, and 
careful follow-up week by week, and keep secret in their files all the 
data obtained in the field. 
1.2 Previous Studies 
Not many reports have been published on the time-dependent be-
havior of segmental cantilever bridges, and all of the known studies are 
at least b~iefly discussed in this section. 
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A study of the long-term deflections of segmental cantilevered 
concrete bridges connected by hinges at midspan was done by U. Keijer 
(14, 15). That work includes a parameter variation study where the in-
fluence of different creep and shrinkage coefficients, modulus of elasticity 
of concrete, modulus of elasticity and relaxation of the prestressing steel, 
density of concrete, weight of the form work, and the initial prestressing 
force on deflections were considered. The conclusions drawn were that the 
creep coefficient and the shape of the concrete creep-time curve have the 
dominating influences on the magnitude and development of the deflections, 
and that the other parameters affect mainly the deformations duri.ng the 
period of construction. It was also found that when a creep function 
containing a logarithm function is assumed, good agreement between the 
observed and calculated values of deflections can be obtained. 
In Keijer's investigation, creep and shrinkage strains are obtained 
from equations as a function of time, which simplifies computations, es-
pecially if several creep curves are to be used. The program has a handi-
cap of not being able to handle arbitrary creep and shrinkage strains 
from field data tests. The creep function was modified so the calculated 
time-dependent deflections fitted the measured. No parameter variation of 
the wobble and curvature coefficient, or of the number of creep curves was 
done, and the losses were not studied. An attempt to obtain all the field 
data of the bridges used 'in Keijer's work did not succeed, as he no longer 
had easy access to the data. 
According to Reference 16, many measurements of creep and shrinkage 
strains over long.periods of time, and deflection measurements of several 
segmental cantilevered concrete bridges, have been taken in Japan. 
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Unfortunately, the purpose of those measurements have been to estimate exact 
.values of creep and shrinkage, that is, final values of shrinkage, and values 
of creep coefficient. The structures considered are inadequately described, 
and the measured values consequently cannot be compared with computed values. 
In Reference 9, a method of computing displacements and losses 
in multistage prestressed members is presented and can be applied to the 
calculation of losses and deflactions of segmental cantilever concrete 
bridges. A computer program based on that method of analysis has been 
developed (8). Since this computer program was not developed with the 
single purpose of b~ing used for segmental cantilever bridges, its use 
demands too many hand computations before the input data can be given; that 
is, it makes necessary the computation of the prestress force and dead load 
moment at each section of the bridge. It can not handle field data of 
creep and shrinkage, neither computes deflections. Furthermore, only 
handles bridges with prismatic sections which make the program obsolete 
for any but the shortest .spans. 
The University of Texas at Austin has published various reports 
about problems ~elated with s~gmental cantilever bridges. The Corpus 
Christi Bridge (12) has been studied there in detail, and thanks to Dr. 
John E. Breen, a copy of the construction plans was obtained and that data 
was used in this investigation. S. Kashima (13), also from the University 
of Texas, built and load tested of a model of the Corpus Christi bridge, 
but time-dependent deformations were not taken into account. 
In France, M. 8elmain and Y. Le Bourdelles (6), did a study of 
a cantilever concrete bridge over the Oise River. This work was directed 
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to study shrinkage and creep strains in this type of bridges without 
.getting involved with prestress losses and deflections. Therefore, their 
conclusions were about how good C.E.B. (7) and the French Code are in 
predicting creep and shrinkage. They reported some creep and shrinkage 
data obtained from field tests that have been used in this investigation. 
Finally, there is a book written by Y. Guyon (11) that has a 
very interesting chapter about this type of bridges, and where some data 
used in this investigation was obtained. 
1.3 Object and Scope of Inves~igation 
The main object of this inves~igation is to give an exposition 
of the nature of the time-dependent deformations and prestress losses in 
segmental cantilever bridges connected by hinges at midspan, using precast 
and cast-in-p1ace segments and subjected to either fluctuating or constant 
environmental conditions. 
The scope of t~e investigation may be divided in two parts: 
1. The development of a computer program and 
2. Ana1aytical study of the time-dependent deformations and 
prestress losses. 
The computer program is based on: 
1. A rational method of analysis for predicting the time-dependent 
stresses, strains, loss of prestress and deflections of a segmental canti-
lever bridge under any environmental conditions. Both rate of creep and 
superposition methods for predicting creep strains under variable stress 
conditions are included. 
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The analytical study includes: 
1. A variation of the different parameters to determine the 
sensitivity of the creep, shrinkage and prestress losses,· and deformations 
of the structure. The major parameters investigated in this study were: 
curvature and wobble coefficients, age of the segments, type of prestressing 
strands (stress-relieved strands and low-relaxation strands), environmental 
conditions, modulus of elasticity of concrete, and loads applied during 
cons tructi on. 
7 
METHOD OF ANALYSIS 
2.1 Introduction 
The prestress force applied to prestressed concrete members de-
creases continuously during the lifetime of the structure as a result of 
the combined effects of creep and shrinkage strains of the concrete and 
relaxation of the steel. Of the numerous factors affecting the magnitude 
of creep, only the effect of stress will be considered. 
There are two distinct methods of analysis suitable for calcu-
lating creep under variable stress in concrete structures: 
1. The rate of creep method~ and 
2. The superposition method. 
In the following, both the rate of creep and the superposition 
methods will be briefly described in terms of time-dependent stress-strain 
relationships in concrete members. 
An iterative solution of the differential equation of stress and 
strain is introduced, and, a suitable, model for caicuiating stresses, strains, 
and the time-dependent deformations of the structure, in a form useful for 
computer programming, is presented. The details of the computer progra~ 
are presented in Appendix B. 
2.2 The Rate of Creep Method 
If the variation of a unit creep curve (creep caused by a unit 
stress) with time is defined as d Ecru (t) , the change in creep strain dt 
of a concrete element subjected to a stress f(t), for a time interval dt, 
within the working stress range, is assumed to be f(t) d Ecru (t). There-
fore, creep under variable stress can be expressed as: 
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2. 1 
, 'd 'Ecru (t) 
f(t) and , ,dt are independent variables 
where: 
Ecr(t) = total creep strain at time t, 
Ecru(t) = unit or specific creep strain as a function of 
time i ,. e., creep strain at time t caused ,by a 
constant unit stress, and 
f(t) = concrete stress as a function of time. 
This method (22) integ'rates a'll elementary increments of creep, 
each of which is computed from the unit creep curve and the particular 
stress acting during the applicable element 6f time. This method disre~ 
gards the entire earlier.history of the stress because it is assumed that 
even when the magnitude of'stress changes with time, the tbncrete w~ll 
d Ecru ' 
creep at the rate f(t) dt In the case when the'sireis is rem6ved, 
, d Ecru 
then f(t)dt 'is equal to zero~which means that concrete does not 
undergo any creep recovery with time after removal of the stress; concrete, 
however, experiments some creep recovery. This method is expected to under-
estimate creep under increasing stress and vice versa. For small changes 
in stress, this method will still give reliable answers, but for large 
variation of stresses, such ,as stresses induced by large loads applied at 
later times, the errors involved may be appreciable, unless corresponding 
creep versus time curves are used. 
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2.3 Superposition Method 
This method, based on McHenry·s hypothesis (18), states that the 
creep strains produced in concrete at any time t by an increment of stress 
applied at any time to are independent of the effects of any other stress 
increment applied either earlier or later than to' This method of analysis 
predicts creep recovery and generates stress-strain curves of a shape 
similar to experimental results. It is assumed that the concrete creeps 
in tension at the same rate as it creeps in compression~ Creep under 
variable stress can be obtained by superimposing appropriate creep curves 
introduced for corresponding changes in stress at different time intervals. 
This is true if creep is proportional to applied stress. By making use of 
this method, the time-dependent linear relation between streis and creep 
J 
strain can be written in the form of 
'(2.2) 
where: 
= initial stress in concrete at the time of first 
loading, to~ 
€cru~t, to) = unit creep strain at time t, for concrete 
loaded at the age to' 
= additional stress increments or decrements 
applied at time to < ti < t, 
Ecru(t, t i ) = unit creep strain at time t for concrete 
loaded at age t; > to' 
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This method does take into account the entire history of the load-
ing, and it is expected to overestimate creep under increasing stress and 
vice-versa. There are two practical disadvantages to the use of this method. 
First, it requires the time-dependent unit creep curves for the concrete 
loaded at different ages, which implies a large number of tests. Second, 
the amount of numerical calculation involved limits its application unless 
a computer is available. 
2.4 Prediction Methods for Creep and Shrinkage 
No matter what method of analysis is used to compute the time-
dependent losses and deformations in concrete structures, creep and shrinkage 
strains and relaxation of the steel versus time relationship are assumed to 
be known and can be considered as step functions or can be expressed as 
equations. When no creep and shrin~age test data for a specific structure 
are available, a preliminary prediction of creep and shrinkage values ~t 
different times is requi~ed, and therefore the reliability of the method of 
analysis will greatly depend upon the method of· predicting creep and shrink-
age strains, and relaxation of the steel. 
Several methods have been suggested for predicting the creep and 
shrinkage values of concrete, all of them being empirical. Since the 
discussion of these methods is not the purpose of this investigation, 
just two of them will be mentioned here, being the second method the one 
used throughout this study. They are described below. 
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(I) ACI-Committee 209 Recommendations. 
The ACI-Committee 209, Subcommittee 2 (3) has presented a method 
for predicting creep, shrinkage and temperature effects in concrete members. 
The method is generally consistent with the ACI (4), and represents a 
nominal approach for design purposes, and does not give exact results by 
any means. According to the Committee the procedure of this method is as 
follows: 
A) Strength and Elastic Properties 
The concrete strength versus time relationship is based on the 
cement type, age, and curing conditions. The following equationsapproxi-
mate average values: 
Moist cured concrete, type I cement 
f' (t) = 
c 
t 
4.0 + 0.85 t 
Moist cured concrete, type III cement 
f' (t) = 
c 
t 
2.3 + 0.92 t 
Steam cured concrete, type I cement 
f' (t) = 
c 
t 
1 .0 + 0.95 t 
Steam cured concrete, type I I I cement 
f~ (t) t = 0.7 + 0.98 t 
f ~ (28) 
f I (28) 
c 
f I (28) 
c 
f J (28) 
c 
(2.3) 
(2.4) 
(2.5) 
(2.6) 
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The modulus of elasticity is computed from the equation 
where 
B) Cre,ep 
where 
= 33.0 Wl .5 If' (t) psi 
c 
f' (t) = concrete strength at time t, in lbs/in. 2, 
c 
t = age of the concrete in days, 
Ec(t) = modulus of elasticity at time t, in lbs/in. 2, and 
W = unit weight of the concr~te in lbs/cu ft. 
(2.7) 
The following equation gives creep strain versus time relationship 
_ fo t o.6 
Ecr(t) - -E- 0 6 C cu 
co 10 + t . 
(2.8) 
Eco = modulus of elasticity of concrete at the time of 
initial loading, and 
ccu = ultimate creep coefficient, ,having an average 
value of 2.35. 
This is the standard creep equation for a concrete satisfying 
the following conditions; A slump of 4 in. or less, under a relative 
humidity of 40 percent, a minimum thickness of member of 6 in. or less, 
and loading age of 7 days for moist cured, and 1 to 3 days for steam cured. 
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c) Shrinkage 
The following equatio~ gives shrinkage strains versus time re-
1ationship 
where Esh(t) = shrinkage strain at time t, 
a = a constant having a value of 35.0 any time after 7 days 
of age for moist cured concrete, and 55.0 after 1-3 
days of age for steam cured concrete. 
= ultimate shrinkage strain, having a value of 800 x.10-6 
(2.9) 
in./in. for moist cured concrete~ and 730 x 10-6 in./in. 
for steam cured concrete. 
This is the standard shrinkage equation for concrete under the 
same conditions as ·the ones mentioned for the standard creep equation. 
When these conditions are not satisfied, the ultimate creep coefficient 
and the ultimate shrinkage strain values are affected by correction factors 
that depend on the following variables: 
a. Time of initial loading and time initial· shrinkage ;s con-
sidered. 
b. Relative humidity of environment. 
c. Minimum thickness of member. 
d. Slump of the mix. 
e. Cement content. 
f. Percentage of fines in mix. 
g. Percentage of entrained air in concrete. 
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(II) European Concrete Committee (C.E.B.) Recommendations 
As mentioned earlier, this investigation is based on the 1970 
C.E.B. recommendations (7) to predict creep and shrinkage strains versus 
time r~lationship, so that, time-dependent deformations of concrete members 
can be computed. The details of this method are as ,follows: 
A. Strength and Elastic Properties 
The compressive concrete strength is obtained from tests at re-
qui red ages on cyl i ndri ca 1 specimens. When experimenta,l evi dence of com-
pressive strength is not available at different times, C.E.B. gives a 
table, for normal concrete and 'temperatures (15-20°C), that contains the 
values of the ratios between the compressive strength at an age of t days 
and the compressive strength at an age of 28 days, these values have been 
plottedin'a graph form (see Fig~ 2.1). 
; 'Once the 'compressive strength at a time t is known, the tangential 
modulus of elasticity is computed from the equation 
where 
or 
where 
Ec(t) = 66,000 If~ (t) 
Ec(t) and f~ (t) are in N/cm2 
79,400 If I ( t) 
c 
Ec(t) and f~ (t) are in lbs/in. 2. 
(2.10) 
(2.ll ) 
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For deformations under prolonged loads and for normal aggregate 
. concretes and lightweight aggregate concretes, the secant modulus must 
be used instead, being this equal to 90 percent of the tangent modulus. 
B) Creep 
According to the C.E.B. recommendations, the magnitude of defor-
mations due to creep under working conditions can be evaluated making use 
of the theory of linear creep, which for a constant stress leads to the 
estimation of the actual creep strain using the equation 
where 
where 
(2.12) 
Ecs' (28) = secant modulus of concrete at 28 days, and 
~(t) = creep coefficient, is expressed as the product of 
five partial creep factors 
(2.13) 
Kc = creep factor, depends on the relative humidity of air 
(see Fig. 2.2), 
Kd = creep factor, depends on the age of the concrete at th~ 
time of loading and the type of cement at a temperature 
of 20°C (see Fig. 2.3), 
Kb = creep.factor, depends on the composition of the concrete 
in terms of cement content and water-cement ratio (see 
Fig. 2.4), 
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Ke = creep factor, depends on the theoretical thickness of 
the cross section of the member, d
m 
(see Fig. 2.5), and 
Kt = creep factor, gives the rate at Which the creep strain 
will develop with time, depending on the theoretical 
thickness of the cross section of the member (see Fig. 
2.6). 
If the concrete hardens at temperatures, T, other than 20°C, the 
age of concrete at" time of loading should be modified by the corresponding 
degree of hardening using the following equation: 
where :' 
(2. 14) 
o = represents the:degree of hardening at the moment of loading, 
an equivalent ~ge in days (see Fig. 2.3), and, 
~t = represents the num~er of days during which hardening has 
taken place at TOC. 
The theoretical thickness, dm, takes 'the effects of size and 
shape of the member on creep and shrinkage into account, and is defined as 
follows: 
d = Area of cr'oss secti on 
m ~ (Perimeter exposed to the atmosphere) (2.15) 
C) Shri nkage 
The C.E.B. recommendattons evaluates the shrinkage strains in con-
crete, under c'onstant environmental ,conditions and at any instant, as the 
product of five partial shrinkage factors: 
where: 
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(2.16) 
EC = shrinkage factor, depends on the relative humidity of the 
air (see Fig. 2.7), 
K = shrinkage factor, depends on the composition of the concrete b . 
in terms of cement content and water-cement ratio. Same as 
Kb creep factor (see Fig. 2.3), 
Ke = shrinkage factor, depends on the theoretical thickness of 
the cross section of the member, dm (see Fig. 2.8), 
Kp = shrinkage factor, depends on the geometric percentage (p) 
of longitudinal reinforcement area CAst) with respect to 
the cross-sectional area of the member (Ac) 
A 
P = 100 ~ and Ac 
K = 100 
plOD + np 
n = 20 with regard to the effects of creep, and 
Kt = shrinkage factor, gives the rate at which the shrinkage 
strain will develop with time, depending on the theoretical 
thickness of the cross section of the member. Same as Kt ' 
creep factor (see Fig. 2.6). 
These two methods of predicting creep and shrinkage in concrete 
members have been compared and some cases of disagreement were found (19). 
There is also a very significant difference in their procedures that lies in 
the prediction of the rate at which creep and shrinkage occur. 
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2.5 Relaxation of Prestressing Reinforcement 
Relaxation is defined as the loss in stress in prestressing re-
inforcement that occurs at constant strain. Relaxation characteristics of 
prestressing reinforcement are of interest in prestressed concrete design, 
even though pure relaxation does not exist under practical conditions since 
prestressing reinforcement is not subjected to constant strain, but it is 
generally agreed that conditions in a beam closely approximate this con-
dition. At present, a knowledge of the losses resulting from relaxation is 
required primarily in relati-on to the serviceability of a prestressed member. 
The amount of relaxation loss to be expected in a given steel depends on 
several fa'ctors, of which the following can be mentione'd: type of prestressing 
reinforcement, ratio of initial stress to yield,stress, time, and temperature. 
Despite the large variations that may take place in the amount of relaxation 
loss, it is possible to estimate this loss with sufficient accuracy for de-
sign purposes. 
In this investigation, the loss of stress due to relaxation for 
stress-relieved strands are estimated using the equation developed by 
Magura, Sozen and Siess (17). This equation gives relaxation losses versus 
time relationship incl~ding both initial stress and yield stress as variables 
too, and assuming a r'e1ativelY constant temperature of about 70°F. The 
equation has the following form: 
where: 
log ts 
- fsi [1 - -c--
f . 
(~ - O.55)J fy (2.17) 
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fs(t) = stress on the prestressing reinforcement at time t, 
f . = the initial steel stress, Sl 
fy = steel yield stress, measured at an offset strain of 
0.001 , 
ts = time after stressing, in hours, 
log ts = logarithm of time ts base 10, and 
c . = relaxation constant equal to 10.0 (for stress-re1ieve~ 
strand). 
In this equation the critical parameter appears to be the ratio of 
initial stress to the steel yield stress. When this ratio is less than 0.55, 
the rel.axation loss is very small and can be neglected for practical purposes. 
Relaxation continues for many years although the rate is reduced greatly 
soon after stressing. Temperature variations can have a critical effect on 
relaxation if the range is abnormally high, however, under ordinary working 
conditions this variable can be ignored. 
The steel industry is trying to produce prestressing reinforcement 
exhibiting a negligible relaxation loss; so far, the steel manufacturers (21) 
have come out with a new kind of strand that shows lower relaxation los~es 
than those obtained using Eq. 2.17 with a relaxation constant equal to 10.0. 
They claim that the constant in Eq. 2.17 should be 45.0. In addition, this 
steel has a higher yield stress which also lowers relaxation losses. 
In prestressing concrete members, changes of the prestressing force 
continuously take place because of the creep and shrinkage of the concrete 
and relaxation of the steel itself. In cantilever construction, the pre-
stressing reinforcement· suffers big instantaneous changes of stresses 
caused by the prestressing steel that is going to hold subsequent segments. 
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All these cha,nges must be taken into account for a better estimation of the 
long-time relaxation losses. The way that this is done is explained in 
Appendix B. 
2.6 Assumptions and Definitions 
The assumptions of this analysis are concerned mainly with the 
parameters related to the mate,rial properties and the environment, and 
are as follows: 
1. Concrete has a linear stress-strain relationship under short-
time loading at the stress level of interest. 
2. Steel has a linear stress-strain re1ationshtp under short-
time loading. 
3. The modu1us of elasticity of the concrete versus time re-
lationship is known and can be considered as a step function. 
4. The modulus of elasticity of the steel is known. 
5. Strains are linearly distributed over the depth of the cross 
section of the member. 
6. Creep strains are proportional to the stresses up to 40 percent 
of the concrete strength. 
7. Shrinkage strains are distributed uniformly over the depth of 
the cross section of the member. 
8. Elastic strains and creep and shrinkage strains in concrete 
are additive phenomena within the elastic range, that is, 
the principle of superposition can be applied to obtain the 
total strains and stresses at different time intervals. 
9. The unit creep strain versus time relationship for constant 
stress in the concrete is known at every time that a new 
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segment i~ built "(up to 9 segments), and can be considered as a 
step function. 
10. The shrinkage strain versus time relationship, for the con-
crete, is known and is the same for each segment, and can be 
considered as a step function. 
11. The number of different unit creep strain versus time relation-
~hips for constant stress are the same for each segment, and 
in the same order. 
12. Stress in concrete is constant during each time interval. 
13. Stress in steel is constant during each time interval. 
14. The relaxation of the steel versus time relationship is 
known and can be considered as step function. 
15. The effects of nontensioned steel on creep and shrinkage" 
strains of the concrete are neglected. 
16. Sequence of casting, curing and stressing of each segment 
are known. 
17. Adequate bond between concrete and post~tensi"ohed steel "exists 
so that changes in strain in steel are equal to the changes 
in strain in the concrete at the same level. 
2.7 Numerical Integration Procedure 
The determination of prestress losses, in prestressed concrete 
members, requires detailed information on the materials to be used, methods 
of curing, environmental conditions, and construction methods. The difficulty 
in estimating prestress losses lies in that some of the losses are function 
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of both time and level of stress in the concrete and steel. This relation-
.ship can not be represented in an algebraic formula, since the stress is 
constantly changing as a result of ·the losses· in p~estre~s that are occurr-
ing, which makes it impossible to obtain a closed form solution. Consequently, 
the most accurate method of computing stress loss is to employ a numerical 
integration progedure that takes into account the different variables. 
In this study, the integration procedure is based on the rate of 
creep method. This method is treated as a,step by step numerical procedure 
which converts the creep, shrinkage and relaxation versus time relationship 
into step functions having independent effects, and satisfying the assumptions 
outlined in Section 2.6. 
The computer p~ogram developed in this investigation is described 
in Appendix B. It uses an iterative procedure similar to the one mentioned 
by the ACI Comm. 435 (5) and is based on the rate of creep method. The 
procedure is also able .to handle different numbers of creep curves, so the 
revised rate of creep method, which is essentially a small modification of 
the rate of creep method made by Mossiossian and Gamble (20), and the 
superposition method can be applied. The program analyzes segmental con-
crete bridges constructed using the balanced cantilever method. 
The following steps of the numerical integration for the time 
interval being considered are carried out for each section of the constructed 
segments. The term "steel" means each steel cable that is present at each 
section of the constructed segments during that time interval. 
The numerical integration, starting at the time of transfer of pre-
stress can be summarized in the following steps: 
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For the first time interval: 
1. First segment is built. 
2. Compute steel stresses taking the losses caused by wobble 
and curvature coefficients into account. 
3. Compute moments caused by the steel stresses found in step 2, 
dead load, and construction loads. 
/I 
"To Compute total stresses at the end of the first 
time interval by using beam theory. 
5. Compute total concrete strains at the end of the first 
time interval by dividi~g the total stresses found in 
step 4 by the corresponding modulus of elasticity of concrete. 
For each later time interval: 
6. Compute correspondi,ng incremental creep and shrinkage st~ains 
at the level of steel due to stresses caused ,by prestressing 
force, and dead and construction loads. 
7. Compute prestress losses due to creep and shrinkage of the 
concrete as the product of change of concrete strain at the 
level of the steel found in step 6 times' the modulus of 
elasticity of the steel. 
8. Compute prestress losses due to relaxation of the steel. 
9. Compute the total pres~ress losses by adding the prestress 
losses due to creep and shrinkage of the concrete found in 
step 7 to the prestress losses due to relaxation of the steel 
in step 8. 
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10. Compute the elastic change of concrete stress by consider-
ing the total prestress losses found in step 9 as a load 
equal to the stress found in step 9 multiplied by the steel 
area and applied to the cross section at the center of 
gravity of the steel. 
11. Update the total stresses by adding algebraically the elastic 
change of stress found in step 10 to the total stresses 
existing at the beginning of time interval. 
12. Compute the elastic change in strain by dividing the elastic 
change of stress found in step 10 by the corresponding 
modulus of elasticity of the concrete. 
13. Compute the net change in strain by adding algebraically 
the elastic ch~nge in strain found in step 12 and the in-
cre~ental creep and shrinkage strain found in step 6. 
14. Update the total strain by adding algebraically the net 
change in strain found in ·step 13 to the total strain exist-
ing at the beginning of the interval. 
If a new segment is not built during this time interval, steps 11 
and 14 are the total stresses and strains respectively at the end of this 
interval, so consider next time interval and proceed as before, beginning 
from step 6, otherwise, go to next step:. 
15. Compute prestress force, and the incremental moments due 
to the prestress force, dead and construction loads caused 
by erecting the new segment. 
16. Compute the elastic change of concrete stress caused by the 
forces found in step 15. 
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17. Compute the elastic change in strain by dividing the change 
of stress found in step 16 by the corresponding modulus of 
elasticity of the concrete. This change is called the 
elastic shortening. 
18. Compute total stress losses caused by the elastic shortening 
by multiplying the elastic change in strain at the level of 
the steel found in step 17 times the modulus of elasticity 
of the steel. 
19. Compute the elastic change of concrete stress by considering 
the total prestress losses found in step 18 as a load equal 
to the stress found in step 18 multiplied by the steel area 
applied at the center of gravity of the steel. 
20. Compute the elastic change in strain by dividing the elastic 
change of stress found in step 19 by the corresponding 
modulus of elasticity of the concrete. 
21. Compute the net elastic change of concrete stress by adding 
algebraically the changes of stresses found in steps 16 and 
19. 
22. Compute the net elastic change in strain by adding algebraically 
the change of strains found in steps 17 and 20. 
23. Compute the total stresses at the end of time interval by 
adding algebraically the net elastic cahnge of stress 
found in step 21 to the total stresses existing in step 11. 
24. Compute the total strains at the end of time interval by 
adding algebraically the net elastic change of strain found in 
step 22 to the total strains eXisting in step 14. 
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25. Consider next time interval and proceed as before, beginning 
from step 6. 
Once total strains are found, curvatures and deflections are 
easily computed. 
3.1 General 
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3. PRESENTATION AND DISCUSSION OF FACTORS 
AFFECTING TIME-DEPENDENT BEHAVIOR 
The time-dependent behavior of precast prestressed concrete members 
. is affected by many factors in different ways. Creep and shrinkage of the 
concrete and relaxation of the prestressing steel have long been known to 
be the main contributors of this time-dependent behavior and prestress 
losses. 
In cantilever segmental concrete bridges, the time-dependent de-
formations and prestress losses begin as soon as the prestressing strands 
are anchored in the concrete. These deformations develop due to the in-
fluence of two effects: the sustained transverse loading which tends to 
deflect the cantilever downward, and the effect of the prestressing force 
which tends to deflect it upward. From then on, deformations and prestress 
losses are affected by the creep and shrinkage of concrete and relaxation of 
the steel, with these phenomena occurring simultaneously and affecting each 
other continuously throughout the life of the structure. However, for 
purpose of analysis, it will be assumed that the principle of superposition 
is valid and the single effects can be treated individually, as long as all 
the other time-dependent variables are included and taken as reasonable values. 
Although the main parameters influencing the time-dependent defor-
mations and prestress losses of prestressed concrete structures are creep 
and shrinkage of the concrete and relaxation of the prestressing steel, 
there are some important environmental and construction factors which affect 
the magnitudes and rates of creep and shrinkage of the concrete and relaxation 
of the steel, which in turn will influence the time-dependent behavior of 
these structures. Environmental factors such as humidity and temperature 
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have a great effect in the rates and magnitudes of creep and shrinkage of 
the concrete. Construction factors greatly influencing the magnitude of 
the creep and shrinkage of concrete are the age of concrete at the time of 
constructi on, loads used for constructi on purposes, and durati"on and type of 
curing; those having a significant influence on the relaxation losses are 
the wobble and curvature coefficients of friction between the tendons and 
the ducts. 
In order "to obtain a better understanding of the time-dependent 
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and shrinkage computed according to the 1970 C.E.B. recommendations, and 
the segments being 30 days old at the time of post-tensioning. 
The standard conditions for the Oise bridge are based on a 
wobble coefficient of 0.0015/ft, a curvature coefficient of 0.25, zero for 
construction load, 70 percent relative humidity for creep and shrinkage 
computed according to the 1970 C.E.B. recommendations, and the segments 
being 7 days old at the time of post-tensioning. No relaxation losses 
occurred in this bridge because of the low initial steel stresses. 
The modulus of elasticity of concrete used for the standard 
conditions in both bri,dges was computed according to the C.E.B. recommenda-
tions (see Eq. 2.11). 
In connection with most of the figures a theoretical axial force 
is mentioned and can be different for each section. Its value is equal to 
the sum of the forces obtained by multiplying the final area of steel going 
through the section in question by its original anchor stress, without 
friction losses. Also, when it is said that a certain loss increases it 
means an increase in the loss relative to the theoretical axial force. 
, Since the way that stresses in the concrete ~re built up plays a 
very important role in this chapter, Figs. 3.1 and 3.2 show then at two' 
different sections for each bridge, using the standard conditions mentioned 
earlier. The stresses at the top and bottom of each section are plotted 
versus time, and illustrate the major changes in stress during construction 
followed by the relatively minor changes in stress in the several years 
following completion of the cantilevers. 
Throughout this study, compressive stresses and strains are positive. 
Curvatures, where the top shortens relative to the bottom, are a'lso positive, 
as well as the upward deflections. 
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3.2 Effects of Creep 
Creep is a time-dependent deformation that increases strains in 
concrete with time, even at constant stress. These strains lead to de-
creases in strain in the prestressed steel and to reductions in the pre-
stressing steel force as a consequence. These two effects cause changes in 
curvature, which in turn change the deflections. The influence on creep of 
the "relative humidi~ of the air in which the concrete is stored has been 
known for some time, and it is one of the main factors affecti~g its 
magnitude. 
According to the G.E.B. recommendations, the relative humidity 
affects the creep strains obtained from Eq. 2.13 through the coefficient 
Kc (see also Fig. 2.2). These strains are for constant environmental 
conditions. 
The effects of changi,ng the creep values (by changing the rela-
tive humidity) on creep losses at the sections studied are shown in Figs. 
3.3 and 3.4. It can be seen that the lower the relative humidity, the greater 
the creep losses. The creep losses decrease as the section studied moves 
away from the pier. There are some differences in the initial shapes of 
these curves for the two bridges, because of the rates at which the stresses 
are built up. 
In the Corpus Christi Bridge, the decrease of the relative humidity 
from 80 to 50 percent causes a decrease in the axial prestress force of 
36 kips, which represents a drop from 80.3 to 79.8 percent of the theoretical 
axial force. The effect on the relaxation losses consists in a change of 
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8 kips, which represents a decrease in the relaxation losses from 7.8 to 
,7.7 percent of the theoretical axial force. These changes in the creep 
and relaxation losses decrease the concrete stress at the top from 538 psi 
to 524 psi, and increase the one at the bottom from 1552 psi to 1555 psi. 
,In the Oise Bridge, this decrease in the relative humidity causes a diminishing 
of 292.0 kips in the axial prestress force, which represents a drop from 
75.7 to 74.3 percent of the theoretical axial force. As mentioned before, 
there is no relaxation loss tn this bridge. These changes, decrease the 
stress at the top from 734 psi to 688 psi, and increase those at the bottom 
from 1040 psi to 1048 psi. All of these data are at the section over the 
pier and 2000 days after the construction started; at any other section the 
changes are smaller. 
Analyzing all these data, it can be said that the effect of creep on 
the axial prestress force and relaxation losses in the precast Corpus 
Christi Bridge can be neglected in terms of losses for practical purpo~es. 
The same can not be said about the cast-in-place Oise Bridge, where the 
change in axial prestress force represents a higher percentage of loss of 
the theoretical axial force, and the change in stress at the top of the 
section is also high. 
The effect of creep on deflections in two of the sections 
analyzed can be observed in Fig. 3.5, and can be said that the higher the 
relative humidity the smaller the change in deflections with time, and that 
the change in relative humidity is more critical for the Oise Bridge. 
Figures 3.6 and 3.7 also show the effect on creep on deflections of the bridges 
as construction progresses and at 2000 days after construction started. It 
can be seen that during construction the higher the relative humidity the 
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higher the deflection, but at 2000 days after construction started, the 
higher the relative humidity the smaller the deflection. This is caused 
by the way at which stresses are built up. The differences during con-
struction are never large, but they become more important after }ong 
periods of time. 
3.3 Effects of Shrinkage 
Shrinkage strains are usually assumed to be uniformly distributed 
over the depth of the cross section and along the length of the member, 
and to be independent of stress and creep for design purposes. Consequently, 
shrinkage will primarily affect the loss of prestress, which in turn will 
affect'the time-dependent behavior of the bridge in a degree that will de-
pend on the eccentricity of the strands. While there are many factors 
affecting shrinkage characteristics of concrete in diff~rent degrees, one 
of the most influential factors is the relative humidity of the air, which 
is varied in this study to obtain shrinkage variations. 
According to the C.E.B. recommendations, the relative humidity, 
under constant climatic conditions, affects shrinkage strains obtained 
from Eq. 2.16, through the basic shrinkage coefficient EC (see also Fig. 
2.7). 
The effects of changing the relative humidity for shrinkage, 
while maintaining a constant relative humidity of 70 percent for creep, on 
shrinkage losses can be observed in Figs. 3.8 and 3.9. It can be said that 
the higher the relative humidity the lower the shrinkage losses. This 
variation of relative humidity affects both bridges in the same proportion, 
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because of the fact that their theoretical thicknesses are very close to the 
.same value. Also, for a constant relative humidity, the further the 
section is from the pier the higher the shrinkage losses because of 
the higher capacity to shrink that the section has afte'r having all the pre-
stressing steel in. Therefore, the last section built will have the highest 
percentage of shrinkage losses, where the loss is expressed as a percentage 
of the theoretical axial force'for that section. 
In the Corpus Christi Bri~ge, at the section over the pier, the 
effect of reducing the relative humidity for shrinkage from 80 to 50 
percent causes a drop in the creep losses of 2 kips, which represents a 
decrease in creep losses from 1.65 to 1.63 percent of the theoretical 
axial force. The relaxation losses are affected more than the creep losses 
with this variation in shrinkage strains, having a drop of 8 kips, which 
represents a decrease in relaxation losses from 7.92 to 7.82 percent of 
the theoretical axial force. The axial prestress force is the most af~ected, 
as it was pointed out before, decreasing its value by 47 kips, which repre-
sents a drop in axial prestress force from 80.7 to 80.0 percent of the 
theoretical axial force. These changes decrease the stresses at the top 
from 549 to 531 psi, and increase the ones at the bottom from 1550 to 
1554 psi. The difference in percentages of all these changes, except creep 
losses and stresses, are not much higher as the section analyzed moves away 
from the pier. The higher change of percentage in relaxation losses can be 
explained by the fact that steel stresses are higher as the section moves 
away from the pier since friction losses are smaller. The higher percentage 
of change in shrinkage losses is caused, as mentioned before, by the higher 
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capaci ty of the secti on to shri nk. The h,i gher change of percentage in 
,axial prestress force is mainly caused by that higher shrinkage capacity 
of the section. In Fig. 3.1 the g~eat variation of stresses as the section 
moves away from the pier can be observed. Since creep losses are pro-
portional to stresses, this variation explains the smaller change of per-
centage in creep losses as the section moves away from the pier. The 
inertia and area of the sections alo,ng the bridge do not vary that much, 
while the prestress axial force decreases drastically as the section moves 
away from the pier so changes in prestress axial force represents smaller 
variation of stresses in the concrete. 
In the Oise Bridge, at the section over the pier, this effect of 
reducin'g the relative humidity for shrinkage causes a reduction in creep 
losses of 24 kips, which represents a decrease in creep losses from 4.5 
to 4.3 percent of the theoretical axial force. The axial prestress force 
is affected by a drop of 302 kips, which represents a decrease from 75.8 
tp 74.2 percent of the theoretical axial force. These changes decrease the 
stresses at the top from 736 to 689 psi, and increase the ones at the 
bottom from 1040 to 1048 psi. The difference in percentages of all these 
changes, except creep losses and stresses, are not much higher as the section 
analyzed moves away from the pier. The explanation for this can be the same 
as the one given for the Corpus Christi Bridge. 
Analyzing all these data, it can be said that the effects of 
varying the relative humidity for shrinkage on the relaxation losses in the 
Corpus Christi Bridge is not much but can not be neglected. The effect on 
creep losses can be neglected in the Corpus Christi Bridge but not in the 
Oise Bridge. The effect on axial force is high in both bridges, as expected, 
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being higher in the Oise Bri~ge. All of these data are obtained 2000 
days after construction of the bridges started. 
The effect of shrinkage on deflections in two of the analyzed 
sections can be observed in Fig. 3.10, and it can be seen that the higher 
the relative humidity the smaller the change in deflections, and that the 
effect is higher in the Oise Bridge. All sections of both bridges were 
studied, and ft can be said that shrinkage did not affect deflections dur-
ing construction. 
3.4 Effects of Relaxation 
In addition to creep and shrinkage of concrete, relaxation of the 
prestressing steel is also an important parameter having an influence on 
the time-dependent behavior of prestress concrete structures. 
In this investigation only two types of prestressing strands have 
been considered: Stress-relieved strands and low-relaxation strands. Both 
types are Grade 270. 
The relaxation losses of,the prestressing steel are predicted 
using Eq. 2.17, which is based on ·the results of constant-strain relaxation 
tests, and where the relaxation constant C has a different value for each 
type of prestressing strand, as discussed in Art. 2.5. 
In the Corpus Chrjsti Bridge, the effect of each type of pre-
stressing strands on the relaxation losses can be seen in Fig. 3.11. The 
advantages of the low-relaxation strands are quite obvious, with a reduction 
in relaxation losses of more.than 6 percent of the theoretical axial force 
at the section over the pier .. The relaxation losses, for each type of 
prestressing strands, are higher as the section analyzed moves away from 
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the pier. Therefore, the last section built will have the highest per-
.centage in relaxation losses, when the loss is expressed as a percentage of 
the theoretical axial force for that section. 
Higher prestress level implies l~rger creep losses; therefore, 
creep losses are expected to be higher when low'-relaxation strands are used. 
This is corroborated by Fig. 3.12, and it can be said that the higher the 
relaxation losses the smaller the creep losses. The creep losses, when 10w-
relaxation strands are used in~tead'of st~es~-relieved strands, increase 
This change decreases as the section analyzed moves away from. the pier, and 
it is a consequence of smaller stresses in the concrete, but it can not be 
neglected. Therefore, the highest creep losses are obtained at the section 
over the pier when 10w~relaxation strands are used. In this figure, the 
difference in creep losses, between usi,ng low-relaxation strands and strands 
wi th zero re 1 axa ti on, is very sma 11, and can be practi ca lly negl ected. , 
The effect of ~ach type of prestressing strands on the prestress 
force can be seen in Fig. 3.13, and it can be said that the higher the 
relaxation losses the smaller the prestress force. In" this figure, when 
low-relaxation strands are used instead of stress-relieved strands, the 
prestress force is increased by 5.5 percent of' the theoretical axial force 
at the section over the pier, as can be observed. This increase is higher 
as the section considered 'moves away from the pier, even though this effect 
is reduced by the fact that shrinkage losses, as mentioned before, also 
increase in that direction and tend to decrease the prestress force. It 
can also be observed that the difference in prestress force, between using 
low-relaxation strands and strands with zero relaxation, is about 1.5 
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percent of the theoretical axial force at the section over the pier. This 
difference increases as the section studied moves away from the pier. This 
effect is mainly caused by the fact that relaxation losses also increases in 
that direction; the fact that creep losses decrease in that direction also 
increases this difference but in a smaller degree. 
If instead of using stress~relieved strands, low~relaxation strands 
are used, the stresses in the concrete at the section over the pier in-
crease from 532 to 680 psi at the top, and those at the bottom decrease 
from 1554 to 1522 psi. This change is smaller as the section analyzed moves 
away from the pier, but can not be neglected. 
The effect of the relaxation losses on deflections in one of 
the sections can be observed in ~ig. 3.14, and can be said that the higher 
the relaxation losses the higher the change in deflections with time. 
Figure 3.15 also shows the effect of relaxation losses on deflections of 
this bridge as construction progresses and at 2000 days after construction 
started. It can be seen that the higher the relaxation losses, the higher 
the deflections both during construction and at 2000 days after construction 
started. 
3.5 Effects of Variation of Modulus of Elasticity of Concrete 
It has been known that the modulus of elasticity of concrete varies 
with time, and can be calculated using the methods explained in Art. 2.4. 
The computer program developed in this investigation allows one to change 
the modulus of elasticity every time that a new segment is built, up to four 
times (see Appendix B). Ec was taken as a function of ~, following the 
C.E.B. recommendations, and f~ increased with time following the C.E.B. 
values. 
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In the Corpus Chri sti Bri,dge, the effects of varyi,ng the concrete 
modulus with time on time-dependent deformations were compared with results 
of identical analysis, assumi,ng the concrete modulus constant and it can be 
said that the effects of variations of the modulus of elasticity of concrete 
on time-dependent deformations and losses were small, and stresses were not 
affected at all. The major differences between results for relaxation, creep 
losses, and pr~stress force occurred at the section over the pier. At other' 
secti ons, the changes, if any, were sma 11 er. The cha,nges in defl ecti on was 
small, reduced 2 percent at the last section built. This change was mainly 
because of the change of curvature at the section over the pier which was caused 
by the change in elastic strains. 
I n the Oi se Bri.dge, the same type of compari son was done and it can 
be said that the effects of variation of the modulus of elasticity of concrete 
on time-,dependen,t deformati ons and losses were sma 11 even though they were 
more pronounced here than in the Corpus Christi Bridge. Stresses were affected 
in this case. The change in deflection was small, with a 10 percent reduction 
at the last section built. It was also mainly because of the change in 
curvature at the section over the pier. 
In general, it can be stated that a reasonable increase in the 
modulus of elasticity of concrete during construction did not have a major 
effect on losses of the above mentioned bridges. Its effect on deflection, 
caused mainly by the change in curvature at the section over the pier which 
in turn was caused by the instantaneous elastic deformations due to con-
struction of subsequence segments can not be neglected. 
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3.6 Effects of Age of the ~egments at the Time of Construction 
In the segmental cantilever construction, the concrete in the 
segments at the time of the construction might be very young as in the case 
of the cast-in-place Oise Bri4ge, or relatively old as in the precast 
Corpus Christi Bridge. Therefore, it is of interest to know the effects of 
age of the segments at the time of construction on time-dependent deforma-
tions and losses of these structures. 
The parameters involved in this case are creep, shrinkage, and 
modulus of elasticity of concrete. It is well known that concrete members 
loaded at early age yield larger creep strains for a given. time under 
sustained load compared to the same concrete at later age. The earlier 
the segment is erected the greater the capacity to shrink, and smaller 
the modulus of elasticity . 
. In order ·to study the effects of age of the segments on time-
dependent deformations and losses of segmental cantilever concrete bridges, 
the Corpus Christi and Oi.se Bridges have been analyzed assuming segments 
with different ages at the time of construction~ 
The Corpus Christi Bridge ~as been analyzed assuming the segments 
to 7, 14, 30, 60, and 90 days old at the time of construction. The effects 
of age of the segments on creep losses are shown in Fig. 3.16, and it can be 
seen, as was expected, that the younger the concrete the higher the creep 
losses. Also, for a constant age the creep losses are smaller as the 
section studied moves. away from the pier because of smaller concrete stresses 
as the section moves in that direction. In Fig. 3.17, the effects of the 
age of the segments on shrinkage losses are shown, and it can be said 
that the younger the segments the higher the shrinkage losses. It can be 
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observed that the ch~nge in shrinkage losses is not much when the ~ge of the 
segments varies from 7 to 14 days, but this ch~nge increases as the age 
increases, up to 60 days old. Beyond 60 days, the' differences become smaller. 
This behavior is a direct consequence of the variation with time, for this 
theoretical thickness, of the coefficient Kt of Eq. 2.16, and can be seen 
in Fig. 2.6. From the above observation, it can be said that the time interval 
between erecti6n of segments would also play an important role on the 
shrinkage losses iri bridges with large theoretical thickness, when they are 
erected at early ages. About the effects of the age of the segments on 
relaxation losses, it can be said that the older the segments the higher 
the relaxation losses. This can be explained by the fact that steel stresses 
and strai'ns are higher because of the decrease in creep and shrinkage losses. 
The relaxation losses, at the section over the pier and with increasing age 
of the segments, are as follows: 7.71, 7.78, 7.88, 7.96, and 7.99 percent 
of the theoretical axi~l force. The variation in relaxation losses, caused 
by the aging of the segments, is smaller as the section analyzed moves away 
from the pier. The prestress force is the most affected by the age of the 
segments. This effect on the prestress force is a product of the combination 
of creep, shrinkage and relaxation losses. The relaxation losses have an 
effect contrary to the creep and shrinkage losses on the prestress axial 
force, since as the segments get older when erected, the creep and shrinkage 
losses decrease which increa'ses the prestress force, but the relaxation 
losses increase which decreases the prestress force. It can be said that the 
jounger the segments the smaller the final prestress force. The value of 
the prestress force, at the section over the pier and with increasing age of 
the segments, is: 79.70, 80.02, 80.43, 80.76, and 90.93 percent of the theore-
tical axial force. The variation of the prestress force is smaller as the 
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section studied moves away from the pier. When the age of the ~egments 
varies from 7 to 90 days at the time of construction, the stresses, at the 
section over the pier, increase at the top from 521 to 556 psi, and decrease 
at the bottom from 1556 to 1549 psi. These ch~nges in stresses are smaller 
as the section analyzed moves away from the pier. All these data are 
for 2000 days after construction started. 
The Oi se Bridge was a 1 so ana lyzed assum1'.ng s.egments to be 7, 14, 
28, 60, and 90 days old at the time of construction. The effects of .age 
of the segments on creep and shrinkage losses are shown in Figs. 3.18 and 
3.19, respectively. What was said for the Corpus Christi Bridge about these 
losses, can also be said for the Oise Bridge. In this br1'dge as in the 
Corpus ·Christi, the younger the segments the smaller the prestress axial 
force~ Here, this ·effect is a product of the combination of just creep 
and shrinkage losses. At the section over the pier and in an increasing 
age of the segments, the value of the prestress axial force is: 75.22, 76.06, 
76.77, 77.50 and 77.89 percent of the theoretical axial force. The variation 
of the prestress axial force is smaller as the section analyzed moves away 
from the pier. When the age of the segments varies from 7 to 90 days at 
the time of construction, the stresses, at the section over the pier, increase 
at the top from 714 to BOO psi, and decrease at the bottom from 1043 to 1029 
psi. These changes in stresses are smaller as the section moves away from 
the pier. These data are for 200q days after construction started. 
Analyzing all these results, it can be said that the effects of 
age of the segments at the time of construction on creep and shrinkage 
losses are Very important, as the creep losses are reduced by more than 50 
percent as the age of ~egment increases from 7 to 90 days. Almost the same 
42 
can be said about the shrinkage losses, but in a smaller percen~age. It 
can be observed that the Oise Bri',dge was affected more than the Corpus 
Christi Bridge by these two losses, mainly as a result of the smaller 
initial stresses in its prestressi~g steel. The effect of age of the 
segments on relaxation losses in the Corpus Christi Br~dge is not much but 
can not be neglected. The effect on prestress force is important in both 
bridges, bei,ng higher, in the Otse Bri,dge as a direct consequence of the 
creep and shrinkage losses. The effect on concrete stresses was also 
higher in the Oise Bridge. 
The effect of age of thes~gments at the time of construction on 
deflections in tw.o of the sections studied are shown in F,ig. 3.20, it can 
be seen that the older the segments,the smaller the change in deflections 
with time, and that this change is higher in the Corpus Christi Bridge. In 
these two bridges, the differences in deflections during construction, when 
the segments are 7 and 90 days old when erected, are not large but they, 
become large after long periods of time. For example, in the Oise Bridge, the 
deflection at 2000 days at the end of the cantil'ever, section 13, for seg-
ments 7 days old at the time of construction is reduced by 42 percent if 
the segments are 90 days old when erected., However, the difference at the 
time when the construction of the bridge endedi 77 days, was almost zero. 
3.7 Effects of the Number of Creep Curves 
The computer program developed in this investigation can handle 
up to nine different creep curves, which allows the use of different methods 
of analysis suitable for computing creep under variable stress in concrete 
members. These methods were discussed in Chapter 2. 
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To illustrate the effects of the number of creep curves on time-
,dependent deformations and losses, the Corpus Christi and Oise Bridges have 
been analyzed usi,ng different numbers of creep curves, increasing them one 
at a time, up to nine. 
The effects of the number of creep curves on the time-,dependent 
behavior in two of the secti'ons analyzed in the Corpus Christi Bridge can 
be studied in Table 3.1, which' is self-explanatory. Fi'rst of all, it should 
be said that since shrinkage strains are independent of stresses and creep 
strains, the shrinkage losses are independent of the number of creep curves 
used and have a constant value, 1.28 and 1.091 percent of their respectively 
theoretical axial forces at section 1 and 5 respectively, 2000 days after 
construction started. In Table 3.1, it can be observed that when the creep 
losses increase, the relaxation losses and the prestress force decrease, 
and vice versa. The variation of the relaxation losses is only the con-
sequence of the variation of creep losses because, as mentioned before, an 
increase in creep losses.means smaller stre~ses in the prestressing steel 
which in turn means smaller relaxation, and vice versa. The change in pre-
stress force is a consequence of both relaxation and creep losses. The 
effect of number of creep curves on creep losses does not have a definite 
direction, that is, the creep losses do not increase or decrease with the 
increase of the number of creep curv~s, because of the way that concrete 
stresses were built up. In the results for section 5, in this table, it 
can be noticed that there are no changes except in deflections, when more 
than six creep curves are used. Thi's happens because only five more segments 
are erected after secti on fi ve, and the computer program i's set up (see 
Appendix B) to use a new creep curve every time that changes in stresses, 
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at any section, are caused by the erection of a new s,egment. The change in 
,deflection at section 5, when usi,ng more than six creep curves, is caused 
by the effects of those creep curves on the secti'ons erected ea'rl i er. In 
Fig. 3.21 the effect of the number of creep curves on deflections with time 
at one of the sections studied in the Corpus Christi Bridge is shown. It can 
be seen that there is not a definite direction in the ch~nge in deflection 
with the number of creep curves. This is also caused by the way that con-
crete stresses, at the sections, were built up. 
The effects of the number of creep curves on the time- dependent 
behavior of two of the sections studied in the Oise Bridge, 2000 days after 
construction started, are shown in Table 3.2. It can be seen that the big 
change in creep losses occurred when two creep curves were used. This 
happened mainly because of a big decrease in creep strains as a result of 
the variation of creep with the age of the concrete at the ti"me of loading, 
as given by the coefficient K. of Eq. 2.13, and can be seen in Fig. 2.3. 
. . a 
In this case, the variat~on of creep losses does not have a definite direction 
either, that is, the creep losses do not consistently increase or decrease 
with the increase of the number of creep curves because of the way that 
concrete stresses are built up. It can be noticed that the variation of 
creep losses, when more than three creep curves are used, is smaller, caused 
by the fact that the change in the creep strains of the creep curves are 
smaller, as a consequence of the variation, as mentioned above, of the 
coefficient Kd, and the time intervals between erection of segments. The 
variation in the prestress force, as explained earlier, is a consequence of 
only the creep losses, and decreases when the creep losses increase and 
vice versa. In the part b of this table, it can be noticed that the results 
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do not change when more than seven creep curves are used. The explanation 
.for this is similar to the one given above for section 5 of the Corpus 
Christi Bridge, but in this case, six s,egments are erected after section 7. 
The shrinkage losses are constant, and equal to 2.85 and 3.0 percent of 
their theoretical axial force at sections 1 and 7, respectively, at 
2000 days after construction started. In Fig. 3.22, the effect of the number 
of creep curves on deflections'with time of one of the sections in the Oise 
Bridge is shown. It can be seen that the change in deflection decreases 
as the number of creep curves increases. In this bridge, the concrete 
stresses are built up in a more uniform way than in the Corpus Christi 
Bridge. In addition, the effects of agi.ng during construction on the 'creep 
characteristics of the concrete were more important than in the Corpus 
Christi Bridge. 
In general, it can be said that the variation of relaxation and 
creep losses, prestress force, and concrete stresses in the Corpus Chri,sti 
Bridge caused by varying the number of creep curves can be neglected for 
practical purposes. However, the variation of the deflection cannot be 
neglected. The same cannot be said about the Oise Bridge, where the effects 
of the number of creep curves on the variation of creep losses are important 
and the computed change in defl ecti on whi ch can be reduced by 50 percent. 
3.8 Effects of C~rvature Coefficient 
In post-tensioned members, the profile of the prestressing steel 
can be varied at\ the designer's will. When the cable profile is curved, 
normal stresses are created between the cable and the sheathi,ng or the 
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surround ing concrete, induci,ng fri cti on as a consequence. Loss of prestress 
is caused by this induced friction, and is dependent on the curvature coeffi-
cient, also called the coefficient 'of friction, an'd the stress exerted by 
the cable on the surroundi~g material. 
To study the effects of the curvatu're coefftci ent on the time-
dependent behavi or of segmenta 1 canti 1 eyer bri',dges, the Corpus Chri sti 
and OJ se Bri dges have been studi ed assumi,ng different va 1 ues of the curva-
ture coeffi ci ent i ri the ra,nge recommended by AASHO (1) and ACI (4). 
The Corpus Chri s ti Bri,dge has been ana lyzed assumi ng the curvature 
coefficient equal to 0.15, 0.25, and 0.3. The value of 0.25 was recommended 
by the designers. The effect of the curvature coefficient on the prestress 
force is shown in Fig. 3.23. It can be seen that the smaller the curvature 
. coefficient thehjgher_the prestress force., .. It is also observed ,that ,.the 
variation of prestress force caused by the variation of the curvature 
coefficient is higher as the section in question is closer to the pier. 
This can be explained by the fact that the closer the section is to the pier, 
the greater the number pf cables that goes through, and the higher the 
pres.tress losses caused by the curvature coeffici ent. . In Fi g. 3.24, the 
effect of the curvature coefficient on creep losses is shown. It can 
be seen that the higher the curvature coefficient the smaller the creep 
losses. Also, the variation of creep losses caused by the variation of 
the curvature coefficient ,is smaller as the section studied moves away 
from the pier. This is mainly due to the ~igher decrease- in concrete 
stresses as the section is closer to the pier because of higher losses in 
prestress force. Figure 3.25 shows the effect of the curvature coefft-
cient on the relaxation losses with time. It is observed that the higher 
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the curvature coefficient the smaller the relaxation losses. This ts be ..... 
cause of the reduction in"initial steel stresses caused by the prestress 
losses. For a constant curvature 60efficient, it can be noticed that the 
relaxation losses are higher as the section analyzed moves away from the 
pier, as a result of higher steel stresses. Also, the variation of relaxation 
losses caused by the variation of the curvature coefftcient is smaller as 
the section studied moves away" from the pier. This is matn1y due to the 
higher effect of the curvature coefficient on the prestress losses as the 
section gets closer to the pier. When the curvature coefficient decreases 
from 0.3 to 0.15, the stresses at the section over the pier increase from 
519 to 587 psi at the top, and those at the bottom decrease from 1556 
to 1543 psi. These changes in concrete stresses are smaller as the section 
ana 1yzedmoves aw-ayrrom the"pi er. Shri nkage- Tos sesa re 1 ndependent-·of "the 
curvaturecoeffici~nt, and have values of 1.280, and 1.304 percent of the 
theoretical axial force at sections 1 and 5, respectively. All these data 
are for 2000 days after construction started. 
The same values of curvature coefficient used above were used in 
the Oise Bridge. The effect of the variation of the curvature coefficient 
on the prestress force is shown iri Fig. 3.26. It can be seen that the higher 
the curvature coefficient the smaller the prestress force. The explanation 
for this can be the same one given above for the Corpus Christi. It can also 
be observed that as the section studied moves away from the pier the higher 
their percentage of prestress force. This is because losses due to curva-
ture and wobble coeffic i ent are sma 11 er, a ~d s"o is the time e 1 ap"sed for 
other losses to occur. In Fig. 3.27, the effect of the curvature coefficient 
on creep losses is shown. These effects are similar to the ones observed in 
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the Corpus Christi Bri.dge" and the same explanatton can be. given. In this 
bridge, Oise, the variation of the curvature coefficient from 0.3 to 0.15 
increases the concrete stresses at ·the section over the pier from 682 to 788 
psi at the top, and decreases those at the bottom from 1048 to 1033 psi. 
These changes in concrete stresses are also smaller as the section in 
ques ti on moves away from the pi er. Shri nk.age losses are 2.848 and 2.996 
percent of the· theoretical axial force at section 1 and 7, respectively. 
These data are for ·2000 days after construction started. 
Based on these observations, it can be stated that the effect of 
the variation of the curvature coefficient on the prestress force is important 
in both bridges, being higher in the Oise, and can not be neglected. Jhe 
effect ·on the creep losses.is not much, but can not be neglected in the 
Oise Bridge. Relaxation losses are the second most affected, after pre-
stress losses, by the variation of this coefficient, increasi.ng the re-
laxation losses at the section over the pier by 33 percent when the coeffi-
cient is reduced from 0.3 to 0.15 in the Corpus Christi bridge. Obviously, 
this effect can not be ~eglected. The effect on concrete stresses is also 
important in both bridges, being higher in the Oise. 
The effect of the variation of the curvature coefficient on 
deflections in two of the sections analyzed ar~ shown in Fig. 3.28. It 
can be observed that the higher the curvature coefficient the higher the 
change in deflections with time, and that this change is higher in the Oise 
Bridge. In these two bri~ges, the deflection at the end of the cantilever, 
when the curvature coefficient varies from 0.15 to 0.3, increases from 0.35 
to 0.44 inChes in the Corpus Christi, and from 0.05 to 0.23 inches in the 
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Oise Br-idge, when construction ends. At 2000 days after construction started, 
.the increase is from 0.91 to 1~03 inches in the Corpus Christi, and from 
0.77 to 1.13 inches in the Oise. Therefore, it can be concluded that the 
effect of the curvature coefficient on deflections is very tmportant, being 
more critical in the Oise Bri~ge, and it must be taken into consideration 
in the design. 
3.9 Effects of Wobble Coefficient 
In addition to the pri-mary curvature of the cable caused by the 
variation of eccentricity, secondary curvature caused by small vertical 
and horizontal deviation from the theoretical path may occur in post-
tensioned members because of unavoidable undulations in the cable during 
its installation and setting, or errors in construction. This effect creates 
additional normal stresses which causes additional losses, and is described 
as the wobbling effect. These additional losses are dependent on the length 
of the cable, the friction between the contact materials, called the wobble 
coefficient, and the quality of construction. 
In order to illustrate the effects of the wobble coefficient on 
the time-dependent deformations and losses in segmental cantilever bridges, 
the Corpus Christi and Oise Bridges were analyzed assuming different values 
of the wobble coefficient in the range recommended by AASHO (1). 
The Corpus Christi Bridge was analyzed assuming values of the 
wobble coefficient equal to O.002/ft, and 0.0002/ft. The value of 0.0002/ft 
was recommended by the designers. The effect of the wobble coefficient on the 
prestress force is shown in Fig. 3.29. It can be seen that the higher the 
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wobble coefficient the smaller the prestress force. For a constant wobble 
.coefficient, it can be observed that the percen~age in prestress force is 
higher as the section studied move~ away from the pier. This is because both 
friction losses and time-dependent losses are smaller in that direction. 
It is also noticed that the variation in prestress force caused by the 
variation of the wobble coefficient is ~igher as the section analyzed is 
closer to the pier. This is because of the l~rger distance from the jacking 
end of the cable which causes l~rger losses. Figure 3.30 shows t~e effect 
of the w6bble coefficient o~ creep losses. It can be seen that the higher 
the wobble coefficient, the smaller the creep losses. Also, the variation 
of creep losses due to the variation of the wobble coefficient is smal·ler 
as the 'section studied moves away from the pier. This is mainly caused by 
the higher decreas~'n concrete stresses as the section studied is closer 
to the pier becaus~ of the higher losses in prestress force. ~n Fig. 3.31, 
the effect of the wobble coefficient on the relaxation losses with time is 
shown. It can be observed that the higher the wobble coefficient the 
smaller the relaxation .10sses. This is caused by a decrease in initial 
steel stresses as a result of greater losses due to wobble. For a constant 
wobble coefficient, it can be noticed that the relaxation losses are higher 
as the section in question moves away from the·pier, as a result of higher 
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last section built. Also,' the variation of relaxation losses due to the 
variation of the wobble coefficient is smaller as the section studied moves 
away from the pier. This is mainly caused by the higher effect of the 
wobble coefficient on the steel stresses as the section is closer to the pier. 
When the wobble coefficient decreases from O.002/ft to O.0002/ft, the 
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stresses at the section over the pier increase from 431 to 542 psi at the top, 
and those at the bottom decrease from 1572 to 1552 psi.. These changes in 
stresses are smaller as the section· analyzed moves away from the pier. 
Shrinkage losses are independent from the wobble coefficient and have values 
of 1.280 and 1.304 percent of the theoretical axial force at section 1 and 
5, respectively. All these data are for 2000 days after canst-ruction 
started. 
The Oise Bri.dge was analyzed assuming values for the wobble 
coefficient of 0.0002/ft, 0.0015/ft, and 0.002/ft. Figure 3.32 shows the 
effects of the wobble coefficient on prestress force. It can be seen that 
the higher the wobble coefficient, the smaller the prestress force. For a 
constarit wobble coefficient, it can be noticed that the percentage in pre-
s tr·ess force is hi gher as the secti on moves away from the pi er. It is a 1 so 
observed that the v.ariation of prestress force caused by the variation of the 
wobble ~oefficient is higher as the section analyzed is closer to the pier. 
The explanations for all of this are similar to the ones given above for Corpus 
Christi. The effect of the wobble coefficient on creep losses is shown in 
Fig. 3.33. These effects are similar to those observed in the Corpus Christi 
bridge, and the same explanation can be given. When the wobble coefficient 
varies from 0.002/ft to 0.0002/ft, the stresses at the section over the 
pier increase from 637 to 926 psi, and those at the bottom decrease from 
1055 to 1012 psi. These changes in stresses are smaller as the section in 
question moves away from the pier. Shrinkage losses have a value of 2.848 
and 2.996 percent of the theoretical axial force at sections 1 and 7, 
respectively. All these data are for 2000 days after construction started. 
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In general, it can be said that the prestress force is the most 
affected, in both bridges, by the variation of the wobble coefficient. 
Therefore, its effect can not be ~eglected. The affect of the wobble coeffi-
cient on creep losses is not much, in Corpus. Christi, but still cannot be 
neglected. Relaxation losses are the second most affected, increasing by 
61 percent at the section over the pier when the wobble coefficient de-
creases from O.002/ft to 0.0002/ft, and can not be ~eglected. The effect 
on concrete losses 'is also very important in both bridges, being higher 
in the Oise bridge. 
Figure 3.34 shows the effect of the wobble coefficient on deflections 
in two of the sections analyzed. It can be seen that the higher the wobble 
coefficient the higher the ch~nge in deflections with time, and that this 
change is higher in the Oise bridge. In these two bridges, the deflection 
at the end of the cantilever, when the wobble coefficient varies from 
0.0002/ft to 0.002/ft, increases from 0.41 to 0.51 inches downwards in 
Corpus Christi, and from 0.09 upward to 0.27 inches downward in Oise, by the 
time of end of constru~tion. At 2000 days after construction started, the 
increase is from 0.99 to 1.13 inches in Corpus Christi~ and from 0.49 to 
1.21 inches downward in the Oise bridge. From these data it can be contluded 
that the effect of the wobble coefficient on deflections is very important in 
both bridges, being more critical in the Oise Bridge where an increase of 
147 percent occurred. 
3.10 Effects of Construction Loads 
In the cantilever construction the ~egments can be precast or 
cast-in-place. Precast segments are erected using a variety of methods. 
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One of them is when the ~egments are lifted into place by a truck or 
crawler crane supported on the bri,dge itself .. A frame containing hOisting 
winches may be supported on the last ~egment placed and stressed. 
For cast-in-place segments, traveli.ng forms can be used which hold the 
falsework and construction materials cantilevered from the previously 
constructed segments. 
To study the effect of construction loads on the time-dependent 
behavior of segmental cantilever bri~ges, the Corpus Christi and Oise 
Bridges have been analyzed assurni,ng same construction load acti,ng permanently 
at the end of the progressing cantilever. 
The precas t Corpus Chri s ti Bri,dge has been ana lyzed assumi,ng a 
permanent construction load of 25 kips. The bridge was designed for this 
construction load plus the weight of a segment. The results obtained from 
this analysis and those obtained with zero construction load, 2000 days 
after construction started, have been compared. When the construction 
load was used, the relaxation and creep losses, and prestress force were 
smaller, though not very much. The prestress force was the most affected, 
and decreased from 80.433 to 80.367 percent of the th~oretical axial force 
at the section over the pier. The concrete stresses did not change at-
the top but increased ~t the bottom in 1 psi .. All these changes are smaller 
as the section studied moves away from the pier. About the effect of 
construction load on deflections, it can be said that Section 5 had an 
increase in deflection, when construction load was used, from 0.32 to 0.33 
inches. Section 10, the end of the cantilever, had an i'ncrease from 
0.41 to 0.44 inches at the end of construction, and from 0.99 to 1.02 
inches at 2000 days affer construction started. 
54 
The cas t-i n-p 1 ace Oi se Bri,dge has been ana lyzed ass umi,ng a permanent 
construction load equivalent to the average we,ight of a s,egment, 136:54 
kips. The results from this analysis have been compared with those from 
a similar analysis but without construction load,.'at 2000 days after con-
struction started. In the case when construction load was considered, 
the creep losses and prestress force were smaller, decreasing from 4.396 
to 4.270, and'from 75.215 to 74.960 respectively at the section over the 
pier, these value~ in percentages of their theoretical axial force. 
The concrete stresses decreased from 717 to 714 psi at the top, and those 
at the bottom increased from 1043 to 1 nLl.Q nc::; 
." • .., t'....,. I 11 All these changes are 
smaller as the section analyzed moves away from the pier. The effect of con-
struction load on deflection, caused an increase from 0.19 to 0.24 inches 
in section 7. In section 13, end of the cantilever, the increase was 
from 0.17 to 0.33 inches at the end of construction, and from 1.01 to 1.18 
inches 2000 days after construction started. 
Based on all of that data above, it can be said that the long-
time effects of the construction load on the Corpus Christi Bridge is 
very small and can be neglected for practical purposes, but the effect 
on the concrete stresses during time of construction does have to be 
studied because it is in the order of the hundreds of lb/in. 2. Although 
the long-time effects of construction load on the Oise Bridge are not 
large, they should not be neglected, especially the change in deflections. 
It is not use 1 es s to ,aga in remi nd the desi gner to study the changes in 
concrete stresses 'caused by the construction loads during time of con-
struction.' Also, it can be noticed that the difference in deflection 
just after the end of construction and 2000 days after construction 
started is still the same, for both bridges. 
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3.11 Comparison of Computed and Measured Results 
In order to study the correlations between the results of analysis 
and the actual behavior of a segmental cantilever bridge under field 
conditions, analyses were carried out for the Oise Bridge and a small 
scale model of the Corpus Christi Bridge (see Appendix A). In such 
analyses the initial steel stresses, material and section properties, and 
time interval of construction were assumed to be the same as in the actual 
structure. 
Oise Bridge, a more detailed description of this bridge, its con-
struction, materials and observations of the l~ng-term deformations are 
presented in References 6, and 11. For th€ analysis of this bridge, the 
creep and shrinkage data obtained under laboratory storage conditions, 20°C 
and 50 percent relative hum.idity, were used, taking into account the effects 
of size and shape of the specimens, and the relative humidity of the surround-
ing environment according to the C.E.B. recommendations. The modulus of 
elasticity of concrete was obtained from test of specimens (5.81 x 106 psi), 
and its variation with time was very small. The 1970 C.E.B. recommendations 
were also used to predict the creep and shrinkage strains of the bridg~ for 
a relative humidity of 70 percent (which was the relative humidity under 
field conditions), and to compute the modulus of elasticity of concrete. 
These predicted values of creep and shrinkage were about one third of those 
measured. No reasonable explanation for these differences has been found. 
In these analyses, a construction load equal to the average weight 
of a segment plus 20 kips of forms was used for creep purposes, although 
neither the actual construction load nor its distribution is known. Figure 
3.35 shows the measured and calculated curvatures during the construction of 
56 
the cantilever, at two different sections. All the data for the analyses, 
was obtained from test specimens. This figure also shows the computed 
curvatures obtained using all the data based on the C.E.B. recommendations. 
From Fig. 3.35, it can be seen that the agreement between the com-
puted and measured values of curvatures is very good. Also, the values of 
curvature obtained using the data based on the C.E.B. recommendations are 
about one half of those measured. This is a consequence of the difference 
between the measur'ed values of creep and shrinkage and the ones predicted. 
The distributions of total strains in the outside and inside faces, 
and over the depth of the w'eb of Section 'lA, at different stages of con-
struction, were measured. Figure 3.36 shows the measured and computed 
values of total strains at the centroid of section lA, and also shows the 
computed total strains at the centroid using the data based on the C.E.B. 
recommendations. From this figure, it can be seen that'the computed total 
strains are in good agreement with the measured total strains in the field. 
The total strains calculated using the data based on the C.E.B. recommenda-
tions are about one ha1f of those measured. Figure 3.37 shows the computed 
deflection of the cantilever at all stages of erection using the data ob~ 
tained from tests, and the data based on the C.E.B. recommendattons. It 
can be'noticed that the direction of the variation of deflection at each 
stage of erection is the same in both cases, with the variation being higher 
when the test data was used. Measured values are not available. 
A detailed description of the small scale model of the Corpus' 
Christi Bridge, its analysis, construction, materials, and'observations of 
the time-dependent deforma ti ons are presented in Refe'rence 13. Durtng the 
erection work the temperature and relative humidity varied between 75-90°F and 
50-70 percent respectively. The segments were between five to six months old 
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when erected. For the analysis of this roodel, all the data used was obtained 
.from tests, except the creep and shrinkage data which was obtained following 
the C.E.B. recommendations, usi.ng 50 percent relative humidity for creep, 
and 60 percent for shrinkage. ~igure 3.38 shows the measured and calculated 
total strains at the top slab of segment Ml (see Appendix A) during con-
struction of the cantilever. In this figure, SIMPLA2 is a University of 
Texas computer program which p'rovides an analysis at each stage of erection 
using the finite segment technique without taki.ng into account time-dependent 
deformations caused by creep and shrinkage of concrete and relaxation of 
the steel. Figure 3.39 shows the measured and computed total strains at 
the bottom slab of segment Ml during construction of the cantilever. 
From Figs. 3.38 and 3.39, it can be seen that the computed total 
stra ins, usj ng beam theory taking into account time-dependent deformati ons 
caused by creep and shrinkage as a method of analysis, are in very good 
agreement with the measured total strains .. Figure 3.40 shows the computed 
defl ecti ons of the canti! ever duri.ng cons tructi on. The trend of these 
de·flections agreed very well with the experimental ones, but the magnitudes 
are smaller. During the construction of the model there were difficulties 
in measuring deflections because they were so small in comparison to the 
span. There were also some small errors in alignment of end faces of some 
precast segments which showed up in the initial stages of construction and 
strongly influenced the deflected shape. Because of these problems, no 
direct comparisons of deflections are shown here. 
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4. CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER STUDY 
Based ori the results of the parametric study pursued in this 
investigation of the time-dependent deformations and prestress losses in 
segmental cantilever concrete bridges, where the effects of varying en-
vironmental conditions, member size, age of the segments at the time of 
cons tructi on, .type of prestress i ng strands, wobb 1 e and curvature coeffi ci ents, 
and 'construction loads were taken into account, some conclusions and 
recommendations can be made. They can be summarized as follows: 
1. The effects of varying environmental conditions, especially· 
the relative humidity and temperature of the air, have a 
significant influence on creep and shrinkage strains and as 
a consequence on time-dependent behavior of bridge structures, 
with creep and shrinkage losses increasing, and relaxation 
losses and pr~stress force decreasing when the relative 
humidity decreases. Shrinkage and relaxation losses are 
higher, arld creep losses smaller as the section studied 
moves away from the pier. As a consequence of these losses, 
there is a large decrease in concrete stresses with time. 
at the top of the sections.' The effects on deflections 
during construction are not large, but they become more 
important after long periods of time. 
2. The type of prestressing strands has a great influence on the 
time-dependent behavior of cantilever concrete bridges. When 
low-relaxation strands are used instead of stress-relieved 
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strands, relaxation losses decrease greatly, even though 
they are partially offset by an increase in creep losses. 
When this change in ·type of strands occurs, creep losses 
and prestress force increase, and there is a large increase 
of concrete stresses at the top of the sections. As the 
section studied moves away fro~ the pier, relaxation losses 
: (as a percentage of the theoretical axial force) are higher, 
the 'change in creep losses and concrete stresses is smaller, 
and the change in prestress force is higher .. The effect on 
deflection is important after long periods of time. 
3. The estimated values of modulus of elasticity of concrete at 
time' of major stress changes are important because of di rect 
effects on deflections, which are caused only by the change 
in elastic strains. Losses are barely affected by this 
variation of modulus. 
4. Age of the segments at the time of construction obviously 
makes some difference in the time-dependent behavior of 
these bridges because the concrete might be very young for 
the cast-in-place segments and have all the potential fo~ 
creep and shrinkage, or relatively old for precast segments 
where their effect can be reduced in half or more. As a 
consequence, change in deflection can also be reduced with 
this aging of the segments, though relaxation losses in-
crease. 
5. The number of creep curves used for the analysis has a 
definite influence on the time-dependent deformations and 
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11. Deflection is more affected by the following parameters 
in their order of importance: wobble and curvature co-
efficients, and creep. 
12. Most of these type of bridges are made continuous at mid-
span, and as a result there is a need to make the computer 
program able to do that analysis. Thi's modified program 
should be able to account for, time-dependent pier defor-
mations if the super structure is fixed to the piers. 
13. Once these bridges are made continuous, a redistribution 
of moments caused by time,-dependent deformati ons occurs, 
and studies of these effects are recommended. This can 
also be done using the computer program in conjunction 
with a method proposed by M. Thenoz (23). 
fJ'J 
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14. Computed results were compared with data from field tests 
but there was not enough data to make any conclusive type 
of correlation. Therefore more field data is obviously 
needed. 
.;" ( ":-:; o:,i ;:1 
15. Further study is needed to determine a set of. factors 
for the estimation of prestress losses in these bridges. 
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5. SUMMARY 
The main objective -of this investigation was to give an exposition 
of the nature of the time-dependent deformations and prestress losses of 
segmental cantilever concrete bridges,using precast and cast-in-piace 
segments subjected to either field exposure conditions ·or to 'a constant 
environment. As a result, a better understariding of the main parameters 
infl·uencing the time-dependent deformations and prestres~ losses of these 
types of bridges was gained. 
The scope of this investigation was divided in two parts: 
l~ The development of a computer program required to compute 
the time-dependent deformations, stresses and prestress 
. losses. 
2. The analytical study of the main parameter.s influencing 
the time-dependent deformations and pre~tress losses·, 
The co~puter program is based ona rational method· bf analys1s for 
predicting the time-dependent stresses,st~ains, loss of prestress, and 
deflections of segmental cantilever concrete bridges. This method of 
analysis is presented in Chapter 2. The computer program has been written 
in Fortran IV for the IBM~360/75 ind is described in Appendix B. 
The analytical study included the application of the rate of 
creep (22), revised rate of creep (20), and the superposition methods 
(18) to predict the time-dependent strains, stresses, curvatures, losses, 
and deflections of segmental cantilever concrete bridges. 
The main parameters affecting the time-dependent behavior of 
bridges considered in this study were: Environmental conditions (relative 
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humidity of the air), type of prestressing strands (stress-relieved and 
,low-relaxation strands), modulus of elasticity of concrete, age of the 
segments at the time of construction, number of creep curves, curvature 
and wobble coefficients and loads applied during construction. Also, 
some computed results were compared with measured data. The results of these 
analyses were discussed in Chapter 3. A number of important conclusions con-
cerning these analyses were presented in Chapter 4. 
For purposes of analysis, it was assumed that the principle of 
superposition was applicable and that the single effects of each of the 
main parameters could be treated individually while the other parameters 
were maintained at realistic values. 
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Table 3.1 
Effects of the Number of Creep Curves on Losses, Stresses, 
and Deflections in the Corpus Christi Bridge, 
2000 Days after Con~tructinn Start~d 
No. of Relaxation Creep Axial Concrete Stresses 
Creep Losses Losses Force 
Curves Top (psi) Bottom (psi) 
(a) Section 
1 7.882 1.644 80.443 542 1552 
2 7.870 1.683 80.406 541 1552 
3 7.858 1.724 80.377 541 1552 
4 7.855 1.734 80.369 . 540 1552 
5 7.853 1 .741 ·80.364 540·· 1552 
6 7.855 1.732 80.371 540 1552 
7 7.867 1.686 80.405' 541 1552 
8 7.879 1.634 80.442 542 ·1552 
9 7.892 1 .578 '80~483 543 1551 . 
(b) Section 5 
1 8.993 1'.091 81.684 410 671 
2 8.980 1 . 129 81.659 409 . 671 
3 8.967 1 . 172 81.629 409 671 
4 8.966 1 . 176 81 .. 639 409 671 
5 8.967 1 . 171 81.630 409 671 
6 8.971 1. 158 81.639 409 681 
7 8.971 1 . 158 81.639 409 671 
8 8.971 1.158 81.639 409 671 
9 8.971 1 . 158 81 .639 409 671 
Convention: 
Compression in concrete positive (psi) 
Downward deflection negative 
Relaxation and Creep Losses, and Axial Force in percentage of the 
Theoretical Axial Force 
Deflection 
(i n. ) 
-0.32 
-0.31 
-0.31 
-G.31 
~0.31 
-0.32 
-0.34 
-0.35 
-0.36 
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Table 3.2 
Effects of the Number of Creep Curves on Losses, Stresses, 
and Deflections in the Oise Bridge, 
2000 Days After Construction Started 
No. of 
Creep 
Curves 
2 
3 
4 
5 
6 
7 
8 
9 
2 
3 
4 
5 
6 
7 
8 
9 
Creep 
Losses 
4.396 
3.871 
3.732 
3.694 
3.692 
3.703 
3.719 
3.735 
3.754 
3.421 
2.886 
2.803 
2.818 
2.835 
2.841 
2.838 -
2.838 
2.838 
Convention: 
Axial 
Force 
(a) 
75.215 
75.690 
75.816 
75.849 
75.851 
75.840 
75.825 
75.810 
75.793 
(b) 
83.980 
84.490 
84.569 
84.554 
84.538 
84.531 
84.535 
84.535 
84.535 
-Concrete Stresses 
Top (psi) Bottom (psi) 
Section 1 
717 1043 
732 1041 
736 1040 
737 1040 
737 1040 
737 1040 
736 1040 
736 1040 
735 1040 
Section 7-
559 889 
567 889 
569 889 
569 889 
568 889 
569 889 
568 889 
568 889 
568 889 
Compression in concrete positive (psi) 
Deflection 
(i n. ) 
-0.19 
-0.16 
-0._14 
-0.12 
-0.11 
-0.10 
-0.09 
-0.09 
-0.09 
Downward deflection negative Creep Losses, and Axial Force in percentage 
of the Theoretical Axial Force 
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Fig. 3.23 Effect of the Curvature Coefficient on the Prestress Force (as percentage 
of the Theoretical Axial Force) in Corpus Christi Bridge 
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APPENDIX A 
SEGMENTAL CANTILEVER BRIDGES SELECTED FOR THE STUDY 
In this investigation three different bri~ges were selected for 
the study of the time-dependent deformations and prestress losses of seg-
mental cantilever concrete bridges. The bridges considered were: 
1. The bridge over the Oise River in France. This is a three-
span cast-in-place cantilever bridge that has been effectively 
counter-balanced on the short side by extra dead weight, and 
made continuous at midspan, as it is shown in Fig. A.l. This 
figure also shows the profile of the prestressing strands 
and some properties of the sections. In this bridge the 
segments have equal length, except the first segment that 
is l~rger. ~he depth varies, with the lower face of the 
bridge following a parabolic profile. A more detailed in~ 
formation about this bridge is given in REference 6, and 11. 
2. The prototype and a scale model of the Corpus Christi 
bri dge. Fi gure A. 2 s haws the properti es 'of these bri dges 
and the profile of the prestressing steel. These are pre-
cast cantilever concrete bridges ·which are also made con-
tinuous at midspan. More detailed information about these 
bridges is given in Reference 13. 
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APPENDIX B 
COMPUTER PROGRAM 
B.l Introduction 
The estimation of prestress losses in prestressed members ts 
essential for the prediction of actual stresses and displacements. Precise 
determination of prestress losses in a given situation is very complex and 
requires detailed informati~n on the materials to be used, methods of 
curing, environmental conditions, and other detailed information that 
usually is not available to de~igners. ·For structures such as segmental 
cantilever bridges, it may be necess~,ry to, obtain thi·s information in 
order to rna i nta i n control of ·the. geometry of the bridge duri.ng cons tructi on 
so that different cantilever~ can meet at correct grade and alignment . 
. The computer program developed i.n thi s study has been wri tten in 
Fortran IV for the IBM-360/?5, and is designed to compute losses caused by 
creep, shrinkage, and elastic shortening of concrete, and relaxation of 
steel, as well as deformation~ in segmental cantilever concrete bridges 
. . 
connected by hinges at midspan. The assumptions for this numertcalstep 
by step method of analysis have been outlined in Article 2.6. In addition, 
. . 
beam theory analysis was used ·for computing stresses, that is, shear lag 
was neglected. A g~neral flow chart for the computer program is shown in 
Fig. Bl. 
B.2 Input and Output Data 
The input data consists of the following geometrical, physical, 
and time-dependent properties of the bridge structure: 
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1. Number of time intervals since construction started. 
2. Number of segments. 
3. Number of sections, their areas, moments of inertia, 
and distances from the pier. 
4. Number of prestressi,ng strands, their areas, profiles, 
stresses and section of anchorage, and time interval of 
post-tensioning.' 
5. Modulus of elasticity of steel, and its relaxatio.n character-
istics. 
6. Wobble and curvature coefficients of friction. 
7. Unit weight of concrete and variation of its modulus 
with time. 
8. Unit creep and shrinkage strain data. 
"9. Construction loads. 
A computer manual for the input data has been written and is available ,upon 
request. 
The output of the analysis contains, at each section and time 
interval, the following: 
1. All input data. 
2. Relaxation, creep, and shrinkage" losses. 
3. Moment caused by dead and construction loads. 
4. Prestress f6rce. 
5. Concrete stresses at the top, bottom and centroid. 
6. Elastic, creep, creep plus shrinkage, and total strains 
at the top, bottom and centroid. 
7. Curvatures. 
8. Deflections. 
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B.3 Creep and Creep Losses 
The computer p~ogram is able to handle unit creep strain data ob-
tained from laboratory or field conditions directly, or generate it using 
the coeffi c i ents deri ved from the, graphs recommended by C. E'. B. (7) tha tare 
also described in Chapter 2. 
The ,Rate of Creep Method (22), the Revised Rate of Creep Method 
(20), or the Superposition Method (18), can be used to compute the creep 
strains since each increment of stress in the concrete, at each section, is 
carried independently and several unit creep strain curves~ for different 
ages of loading, are used. The creep strain at each section, at any time 
interval, is computed as the sum of the product of each increment of stress 
in the Goncrete times the unit ~reep increment of the proper unit creep curve 
corresponding to the time interval. The creep strains at the level of each 
tendon are, calculated, so the creep losses, as the sum of the creep strains 
.' . . .;; 
at the level of each tendon times the modulus of elasticity of the steel 
times the tendon area, can be calculated. 
B.4 Shrinkage and Shrinkage Losses 
The computer program is able to handle shrinkage strain data ob-
tained from laboratory or field conditions directly, or generate it using 
the coefficients derived from the graphs recommended by C.E.B. (7) that 
are also described in Chapter 2. 
, " 
In the analysis only one shrinkage strain curve, common to all 
segments, is considered. Thus, the shrinkage losses at each section, at 
any time interval, is computed as the product of the modulus of elasticity 
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of steel times the increment of shrink,age strain correspondi,ng to the time 
interval time~ the number of tendons times the'tendon area. 
8.5 Relaxation and Relaxation Losses 
In this analysis Eq. 2.17, developed by M,agura, Sozen and Si'ess 
(17), is used to compute pure relaxation. This equation was derived from 
tests conducted under constant,strain conditions and expresses relaxation 
I 
losses in a mathematical form including both time and initial stress. 
During the lifetime of the structure, ch~nges in prestress force 
are continuously taking place. Sometimes' such stress changes occur in-
stantaneously, as is the case when construction of a new' segment takes 
place, 'or they may occur gradually as a result of creep and shrinkage strains. 
These stress changes must be taken into account for a better esttmation of 
the long-time. relax,ation losses. The relaxation losses at each section" 
a t any time i nterva 1, is computed in the fo 11 oW'i ng way: (1) the stress in 
each tendon is known at the beginning of the time interval I, (2) a 
hypothetical initial stress at time t = 0 is computed based on this stress, 
by ~61ving Eq. 2.17 to find the stress when t = 0, and.(3) the relaxation 
losses during the time interval I is found, using as the initial stress 'at 
t = 0 the hypothetical initial stress just found. This is done with all 
the tendons of each section. 
8.6 Elastic Recovery 
The analysis takes the changes in axial force and moment caused 
by the instantaneous deformations (whenever it occurs, especially when a 
new new segment is built), creep, shrinkage and relaxation losses and adds 
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,them up at the end of each time interval. The ch~nge in force is used to 
compute elastic changes of concrete and steel stresses and strains corres~ 
ponding to these losses. The stress changes are added to the stresses 
existing at the beginning of the time interval to obtain the final stresses. 
The strain changes due to this force, the direct strains due to creep and 
shrinkage, and the initial strains are summed to, give ,the final strains. 
If these stress and strain recoVeries are ignored, the loss of prestress 
is overestimated, and equilibrium between tension in the steel and compression 
in the concrete and also, strain compatibility between changes in steel strain 
and changes in concrete strain at the steel level, during any given time in-
terval, cannot be satisfied, which violates the assumptions made in develop-
ing this numerical procedure. 
B.7 Strain 
In this analysis up to four different values of modulus of 
elasticity of concrete ar~ used, one every time that an increment of stress 
caused by the cons tructi on of a new segment occu'rs a t the secti on in questi on, 
up to the fourth increment. The fourth value is used from then on. 
The analysis keeps track of the total strain, at any time interval, 
at the top, bottom and centroid of each section by dividing the increment of 
stresses (including elastic recovery) during the interval for the corresponding 
value of modulus of elasticity and adding it to the total strains that 
existed at the beginning of the interval. 
B.8 Curvatures and Deflections 
The analysis uses the total strains at the top and bottom, and 
the depth of each section to compute the curvature at each time i'nterval 
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by subtracting the bottom from the top stra in and dividi,ng the resul t by 
the depth. 
Once the values of curvature are computed, they are considered 
as a distributed load and a numerical in~egration procedure (10) is used 
to compute deflectionSa 
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Read Input 
Print Input 
N = Total Number of Time 
Intervals 
Yes 
Time Interval = 
kk = 2 
? 
No 
Compute Prestress Losses Due To Creep, 
Shrinkage, and Relaxation During Time 
Interval 
Compute Total Losses, Stresses, Strains, Curvatures 
and Def lection s After Losses 
I s A New Segment Being Bui It ? 
Yes, kk =2 
Print Output 
Compute Prestressing Force) Moments Due To 
Prestressing Force, Dead and Const~uction Loads 
Compute Elastic Losses) Stresses and Strains 
Caused By Those Force s 
Compute Tota,1 Losses, Stresses, Strains, Curvatures 
and Deflections 
Pri n t Out put 
Is The New Time Interval< N 
Fi g. B:. '·1 Flow Cha rt for the Computer Program 
No 
kk = J 
Yes 
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APPENDIX C 
NOTATION 
The notation used thro,ughout this study are defined where they 
first appear. For convenience they are summarized below: 
a a constant havi~g a value of 35 any time after 7 days of~ge 
for moist·cured concrete, and 55. after 1~3 days of age for 
steam cured concrete. 
c relaxation constant, equal to 10 for stress-relieved strand, 
and 45 for low-relaxation strand. 
Ccu ultimate creep ~oefficient, having an average of 2.35. 
D degree of hardening of concrete at the time of loading. 
dm theoretical thickness of the member. 
Ec(t) modulus of elasti'city of concrete at time t, in psi. 
Eco modulus of elasticity of concrete at the time of i'nitial 
loading. 
Ecs (28) secant modulus of elasticity of concrete at 28 days. 
f(t) concrete stress as a function of time. 
fo initial stress in concrete at the time of first loading, to' 
fs(t) stress of the prestressing, reinforcement at time t. 
fsi initial steel stress. 
fy steel stress, measured at an offset strain of 0.001. 
f~ (t) concrete strength at time t, in psi. 
Kb influence of composition of the concrete mix on creep and 
shrinkage. 
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/ 
Kc creep factor, depends bn the relative humidity of air. 
"Kd creep factor, depends on the ~ge of the concrete at the time of 
loading and the type of c"ement. 
E:t 
E:cr(t) 
E:cru(t) 
influence of specimen sh~peand size on creep and shrin~age. 
influence of 19n9ttudinal reinforcement on shrin~age. 
time-strain relationship for creep and shrin~age. 
logarithm to base 10~ 
age of the concrete, in days. 
temperature in centigrades. 
temperature in fahrenheit. 
age of concrete at the time of first loading. 
time after steel stressing, in hours. 
unit weight of the concrete in pcf. 
" addi ti ona,l stress increments or decrements appl i ed at time t < o 
t. < t. 
1 
number of days during which hardening has taken place at TOC. 
shrinkage factor, depends on the relative humidity of the air. 
total creep strain at time t. 
creep strain at time t caused by a constant unit stress. 
E:cru(t, ti)"unit creep strain at time t for concrete loaded at age ti > to. 
E:cru(t, to) unit creep strain at time t, for concrete loaded at the age to. 
E:sh(t) shrinkage strain at time t. 
ultimate s~rin~age strain, having a value of 800 x 10-6 in./in. 
for moist cured concrete, and 730 x 10-6 in./in. for steam cured 
concrete"." 
¢(t) creep coefficient, is expressed as a product of five partial factors. 
